A novel asymmetric electrochemical capacitor (AEC) with high energy and power densities has been developed using a graphene oxide/cobalt(II)tetrapyrazinoporphyrazine composite (GO/CoTPyzPz) as the positive electrode and graphene oxide/carbon black (GO/CB) as the negative electrode in a neutral aqueous Na 2 SO 4 electrolyte. The excellent specific capacitance, energy and power densities ($500 F g 
Introduction
Metallo-tetrapyrazinoporphyrazines (MTPyzPz, Fig. 1 ) are azaanalogues of the well-known metallophthalocyanine (MPc) macrocycles, which have been known since the early 1960s, 1 and have recently attracted interest in photochemistry. [2] [3] [4] Since the rst report of their electrochemical behaviour towards oxygen reduction reaction by Kobayashi et al. 5 two decades ago, there has been no study on any other possible electrochemical applications. Unlike their MPc counterparts, [6] [7] [8] there is no report on the electrochemical capacitive properties of MTPyzPz. This is one of the primary motivations for the present study.
Electrochemical capacitors (ECs) are energy storage devices with high power density, long lifetime and large cycling capability. They bridge the power-energy gap between traditional dielectric capacitors (high power) and batteries (high energy).
They are useful in a plethora of energy capture and storage applications, either by themselves as the primary power source or in combination with batteries or fuel cells.
Asymmetric ECs, also known as hybrid supercapacitors, which are characterised by Faradaic reactions (pseudo-capacitance) and charge-storage (electric double layer capacitance), have begun to receive immense research interest because of their high energy density, large power density and long lifetime. 9 Graphene oxide (GO) is a single sheet of graphite oxide, and an intermediate product during graphene synthesis by the wellknown method of oxidation-exfoliation-reduction of graphite powder. Although it is theoretically claimed not to be suitable for supercapacitor application, 10 Xu et al. 11 have recently shown that they exhibit higher capacitance than graphene due to the extra pseudo-capacitance effect of the attached oxygen-containing functional groups on its basal planes. Given its higher capacitance, lower cost and shorter processing time than reduced graphene oxide (RGO), GO has been described as a better choice than RGO for supercapacitors.
Our interest in the GO/MTPyzPz hybrid for AEC stems from two possibilities. First, the p-delocalization on the MTPyzPz allows for strong p-p interactions with the GO. Second, it is well established that surface functional groups containing oxygen [12] [13] [14] and nitrogen 15, 16 signicantly improve the total capacitance through the extra pseudo-capacitance effects, as well as enhanced wettability of porous carbon with electrolytes. Thus, the high nitrogen content of the MTPyzPz and the oxygen content of the GO will offer a good synergy for enhanced capacitance.
This paper describes the properties of a GO/CoTPyzPz hybrid as a high-energy, high-power asymmetric electrochemical capacitor in neutral aqueous solutions. As elegantly articulated by Long et al., 17 aqueous asymmetric ECs offer various attractive features, notably (i) simplied fabrication and packaging procedures that avoid rigorous environmental controls; (ii) a higher degree of safety compared to the use of organic-based ECs with respect to thermal stability and runaway; (iii) the use of less toxic and lower cost electrolytes; and (iv) specic energy that meets or exceeds those of nonaqueous EDLCs. In this work, the GO/CoTPyzPz based aqueous EC exhibits an extraordinarily high specic energy ( ) and an exceptional specic capacitance of 500 F g À1 . In addition, the electrode shows excellent stability of over 300 charge-discharge continuous cycles. Electrochemical impedance study proves that most of the stored energy can be accessible at high frequencies (63 Hz).
Experimental
The CoTPyzPz compounds were synthesized and characterised as reported by Kobayashi et al. 5 The GO was prepared using the modied Hummers' method from graphite powders. 19 In brief, 0.5 g of graphite powders and 0.5 g of NaNO 3 were mixed with 23 mL of concentrated H 2 SO 4 under magnetic stirring for 10 min in a clean ask at 0 C. 3 g of KMnO 4 was then slowly added into the above solution in 3 min to prevent a sudden temperature increase. Then the dark greenish solution was transferred to a 35 AE 5 C water bath and stirred for about 1 h. Next, 50 mL of water was added slowly, and the solution was stirred for another 30 min while the temperature was raised to 90 AE 5 C.
Aer adding 150 mL of water, 3 mL of H 2 O 2 (30%) was added drop-wise, resulting in the formation of a brownish solution. Finally, the warm solution was ltered and washed with 50 mL of hydrochloric acid solution (0.1 M) and 500 mL of water, respectively. The lter cake was then dispersed in water by sonication using a table-top ultrasonic cleaner (VWR B1500-A MTH, 50W). The products were then separated via centrifugation for 5 min to remove all visible particles. The last sediment was redispersed in water under mild sonication, which resulted in a homogeneous brown solution of exfoliated GO. The GO/ CoTPyzPz hybrid was obtained by milling an equal amount of CoTPyzPz and GO (1 : 1 mass ratio), dissolved in DMF, ultrasonicated for 30 min and nally dried. Electrochemical measurements were performed in a singlecell conguration using coin cells (LIR-2032). A 1 M Na 2 SO 4 solution served as the electrolyte while a glass microber served as the separator. Prior to use, the nickel foam (current collector) was cleaned in a 1 M HCl solution, washed with a copious amount of de-ionized water, and dried under vacuum. The positive electrode (GO/CoTPyzPz hybrid) was prepared by mixing CoTPyzPz, GO, carbon black (CB) and polyvinylidene uo-ride (PVDF) in a mass ratio of 4 : 4 : 1 : 1 using pestle and mortar and dispersing in a few drops of anhydrous N-methyl-2-pyrrolidone to produce a homogeneous paste. The CB and PVDF served as the conductive agent and binder, respectively. The resulting slurry was coated onto the nickel foam substrate (201 cm 2 ) with a spatula. The electrode was then dried at 80 C for 8 h in a vacuum oven, and pressed to a thickness of $0.5 mm. The negative electrode was prepared using the same procedure but with CB, GO and PVDF in a mass ratio of 8 : 1 : 1. The mass loading ratio (positive electrode/negative electrode) is 0.4. The cell was tested aer 24 h of fabrication. For comparison, symmetric cells of GO and CoTPyzPz were prepared. GO samples were prepared for high resolution transmission electron microscopy (HR-TEM) by drop-casting a dilute (1 mg mL À1 ) aqueous solution of graphene oxide onto a lacey carbon coated 400 mesh copper grids. The electron microscope was a modied Philips CM300FEG/UT operating at 300 kV. Raman spectroscopy data were collected on a Jobin Yvon Horiba TX 6400 micro-Raman spectrometer equipped with a triple monochromator system to eliminate contributions from the Rayleigh line and LabSpec (Ver. 5.78.24) analytical so-ware. Samples were analysed with a 514 nm Argon excitation laser (1.5 mW laser power on the sample to avoid thermal effects), a 50Â objective with recording times ranging between 120 s. All AFM images were obtained under ambient conditions with an Agilent 5500 microscope (Agilent Technologies, USA) in acoustic mode (tapping mode) at a scanning frequency of 1 Hz. Silicon cantilevers with a nominal resonant frequency and force constant of $330 kHz and 40 N m À1 , respectively, were used for imaging. Cyclic voltammetry, galvanostatic charge-discharge measurements, and electrochemical impedance spectroscopy (EIS) were carried out using an Autolab potentiostat PGSTAT 302N (Eco Chemie, Utrecht, The Netherlands) driven by the General Purpose Electrochemical Systems data processing soware (GPES and FRA soware version 4.9). Cyclic voltammetry was done in a three-electrode system with the active material coated on Ni foam as the working electrode, Pt as the counter electrode and Ag/AgCl as the reference electrode. EIS data were obtained with the Autolab Frequency Response Analyser (FRA) soware between 100 kHz and 10 mHz with a perturbation amplitude (rms value) of the ac signal of 3 mV. Every EIS experiment was performed aer allowing the electrode to equilibrate for 5 min at the chosen xed potential.
Results and discussion
Microscopic and spectroscopic characterization A graphene oxide sheet obtained by the modied Hummers' method 19 is shown in Fig. 2 . The smooth sheet may be identied in the micrograph, while the edges tend to fold and roll. Lattice fringes are visible on the edges of graphene oxide sheets due to folds and/or rolls, as can be seen in the HRTEM image in Fig. 2 . The separation between neighbouring fringes (Fig. 2, inset) was measured to be $0.37 nm and is larger than the interplanar spacing in graphite (0.335 nm), 20 which can be attributed to the presence of oxygen functional groups on the graphene oxide layers.
From the FESEM images of the GO, CoTPyzPz and GO/CoTPyzPz hybrid (Fig. 3) , both the CoTPyzPz and GO/CoTPyzPz sizes ranged from nano-sized to sub-micron-sized crystalline structures. Fig. 4 shows the UV/Vis spectra of GO, CoTPyzPz, and GOCoTPyzPz in DMF. The GO spectrum presented an adsorption peak around 260 nm (p-p* transition). CoTPyzPz showed the characteristic Q band at 630 nm with a shoulder at 730 nm (due to aggregation 4 ), a vibrational Q 0-0 band at 577 nm, a weak band around 430 nm due to metal-ligand chargetransfer (MLCT) transition, and a B band at 345 nm. Upon integration with the GO, the original Q-band of CoTPyzPz at 630 nm almost disappeared, slightly blue-shied to 621 nm, while the peak at 730 nm became broader and more pronounced. This incredible change in the UV-Vis spectrum is a clear indication of the interaction between the GO and CoTPyzPz via strong cofacial aggregation (face-to-face assembly). The slight blue shi suggests that the energy gap between the HOMO and LUMO of the GO-CoTPyzPz hybrid has become wider than that of CoTPyzPz. 21, 22 The cofacial aggregation should result in maximum contact between the CoTPyzPz molecules and the graphene sheet, thus leading to a fast electron transport through the graphene during the faradaic redox reaction.
The GO/CoTPyzPz hybrid produced a thick, small-sized globular structure (0.1-0.3 mm), presumably due to the face-toface interaction between the molecules as seen from AFM measurements in Fig. SI 1 . † From the Raman spectra ( Fig. SI 2 †) , there is an increase in the D to G band intensity ratio, I D /I G , from 0.87 to 0.91 upon integration of GO with CoTPyzPz, reecting a disorder in the carbon structure. Both the Raman and IR (Fig. SI 3 † ) spectra gave the characteristic peaks of the metallopyrazinoporphyrazines. Fig. 5 shows typical conventional three-electrode cyclic voltammetric evolutions of the GO, CoTPyzPz, and GO-CoTPyzPz in 1 M Na 2 SO 4 . The current/capacitance responses of the individual molecules are much lower than their composite (GO/ CoTPyzPz). The higher electrochemical activity of the composite may be related to redox-activities (pseudo-capacitance) of the oxygen-groups of the GO, the high nitrogen content of the porphyrazine rings, and the central metal of the porphyrazine (Co(II)/Co(III)) as manifested by the pair of voltammetric peaks. It is known that the pyrrol and pyridinic nitrogens enhance supercapacitance. The pyrrol or pyrrol-like nitrogens (-NH) improve charge mobility in a carbon matrix by their ability to introduce electron-donor characteristics and enhancing the carbon catalytic activity in electron-transfer reactions, while the pyridinic nitrogens (]N) can provide a lone pair for conjugation with the p-conjugated rings.
Electrochemical studies
The supercapacitive properties were evidenced by the galvanostatic charge-discharge experiments at different current densities, as exemplied in Fig. 6 . The specic capacitance (C sp ), maximum specic power density (P max ) and specic energy density (E) were determined from the discharge process using the established equations (eqn (1)-(4)) for a 2-electrode (full cell) device:
where i is the applied current, DV/Dt is the slope of the discharge curve aer the initial iR drop, m is the mass of the active materials of each electrode (anode and cathode), V is the applied voltage, C is the measured total capacitance, and R ir is the internal resistance determined from the voltage drop at the beginning of each discharge:
where DV iR is the voltage drop between the rst two points from its top cut-off. Note from the inset of Fig. 6 that the device showed best responses only at high current densities ($2 A g À1 ). From the Ragone plot at different current densities (Fig. 7) , the energy density decreased from 44 W h kg À1 at a power density of 31 kW kg À1 (at 2.4 A g À1 ) to 24 W h kg À1 at a power density of 41 kW kg À1 (at 9.5 A g À1 ), which is higher than the power target of the Partnership for a New Generation of Vehicles (PNGV, 15 kW kg À1 ), 24 thus supporting the applicability of GO/CoTPyzPz//CB-GO based supercapacitors as effective power supply components in hybrid vehicle systems.
In fact, the energy density of the GO/CoTPyzPz//GOCB based AEC falls within the range usually observed for the nickel metal hydride (NiMH) battery (i.e. 30-100 W h kg À1 ); more importantly, has a much better power performance than the NiMH battery (0.25-1 kW kg À1 ) widely used today in hybrid vehicles such as Toyota Prius and Honda Insight.
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In addition, the asymmetric GO/CoTPyzPz//CB-GO supercapacitor exhibits a maximum energy density of 44 W h kg À1 at a power density of 31 kW kg À1 , and still maintains 24 W h kg À1 at a power of 41 kW kg À1 , comparable or even higher than the best-performing asymmetric electrochemical capacitors studied in the same neutral aqueous electrolyte conditions (1 M Na 2 SO 4 ) 
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To explore the cycling stability, the GO/CoTPyzPz//GOCB based AEC was subjected to continuous electrochemical cycling up to 1000 cycles at a high current density of 2.4 A g À1 (Fig. 8) .
The AEC maintained a stability at $410 F g À1 until about the 400 th cycle from where it decreased. Interestingly, the AEC maintained a specic capacitance of ca. 240 F g À1 at the 1000 th cycle. This loss in capacitance may be related to the loss of adhesion of some active material with the current collector during the continuous cycling process.
The energy deliverable efficiency (h%) was obtained from eqn (6)
where t d and t c are the total amount of discharge and charging times, respectively. The energy deliverable efficiency of the GO/ CoTPyzPz was >99%, meaning that the device can be charged and discharged continuously at a very high current density without a detectable loss in coulombic efficiency.
From the EIS data shown in Fig. 9 , it is very interesting to observe that the equivalent series resistance (ESR) before and aer 1000 cycles remained essentially the same (from 1.46 to 1.63 U) indicating that the new AEC hybrid device maintains its electronic conductivity (i.e., little or no poisoning of the electrode-electrolyte interface) even aer several electrochemical cyclings. The response time (t R ), determined from the "knee" or "onset" frequency (f o ) is about 16 ms, suggesting that most of its stored energy is still accessible at frequencies as high as 63 Hz. Most commercially available supercapacitors, including those specically designed for higher power applications, operate at frequencies less than 1 Hz. 28 From the Bode plots, the phase angle decreased from 76 to 62 degrees, indicating further transition to more pseudocapacitive properties. There is also a slight change in the polarisation resistance aer 1000 cycles (from 0.34 to 0.50 U), which may be due to loss of adhesion of some active material with the current collector during cycling.
Conclusions
The electrochemical capacitive properties of a novel aqueous asymmetric electrochemical capacitor based on a GO/CoTPyzPz nanocomposite have been reported. The specic capacitance, high energy density and power density ($500 F g À1 , 44 W h kg À1 , 31 kW kg À1 ) coupled with long cycle life, short response time, and low ESR clearly indicate that this asymmetric supercapacitor is potentially useful in developing low-cost and 'green' energy storage devices with high capacitance, energy and power densities. 
